T he temporal stem is a widely used term, but is still a controversial concept. Definitions of the stem range from its being as small as the fiber bundles passing between the limen insula and the anterior end of the temporal horn, to its being as large as including all the fibers passing beneath the length of the inferior limiting insular sulcus (ILS). 13, 42, 45, 46 The transsylvian approach to the medial temporal lobe is commonly directed through or adjacent to the ILS and temporal stem, where opening of the temporal horn and exposure of the amygdala and the hippocampus are key steps. Unfortunately, the temporal lobe is the site of important brain functions, and complications involving visual and language deficits are not rare. 12, 34, 38 In this study, based on the larger definition of the stem, the location of each white matter pathway between the ILS and temporal horn was described, with special attention to their relation to the limen insula. The meeting point of the ILS with the limen insula can be identified during surgery and used as a landmark to estimate the position of each set of fibers beneath the ILS.
solution. The vessels were perfused with colored latex, and fiber dissection was performed after freezing, a technique first described by Klingler. 23 This technique allows identification of the main fiber tracts and has been shown to have a good correlation with other methods of fiber identification, such as diffusion tensor imaging (DTI). 26, 35, 43 The dissection was done in a stepwise manner. The position of the white matter pathways found in each deeper step of these dissections was noted according to their distance from the anterior and posterior limit of the ILS. The anterior limit was regarded as the point where the limen insula joins the ILS, named here the temporal limen point (TLP), as opposed to the frontal limen point, where the limen insula joins the anterior limiting sulcus. The posterior limit was established as the point where the ILS joins the superior limiting sulcus, named the posterior insular point. 42 The TLP was chosen as an important landmark because it is easily found during surgery after splitting the sylvian fissure. All measurements were made independently by the first and second authors, and the final values are the average of both findings (Figs. 1 and 2; Table 1 ).
Fine straight needles were placed along the calcarine fissure, perpendicular to its mesial cortical surface, to identify the location of this fissure in relation to the lateral surface of the brain. This made it possible to distinguish the portion of the visual radiation directed to the superior and inferior lips of the calcarine fissure.
Measurements were made with an electric digital caliper, and SPSS software (IBM, Inc.) was used to calculate the SD for each set of measurements (Table 1) . Digital single-lens reflex (SLR) cameras (Nikon and Cannon) were used for photographic documentation, and the pictures were processed by High-Dynamic-Range Imaging (HDRI or HDR) with the software Photomatix Pro (HDRsoft). This method can combine several pictures taken from the same point of view, but with different exposure values, enhancing the contrast of the final picture to better display the white matter pathways.
results cortical layer
The insula lies at the depth of the sylvian fissure, covered by opercula of the frontal, parietal, and temporal lobes ( Figs. 1 and 3) . 40, 42 It has a triangular shape, with its vertex pointing anterior and inferior to the limen insula. It is separated from the opercula by a shallow sulcus, called the limiting or circular sulcus of the insula. The limiting sulcus is subdivided into 3 parts: inferior, anterior, and superior. The ILS extends from the posterior insular point where this sulcus meets the superior limiting sulcus to the point where the ILS joins the limen insula, named here the TLP (Fig. 1) . The anterior limiting sulcus, located between the orbitofrontal operculum and the anterior surface of the insula, joins the limen insula at a point called the frontal limen point. The superior limiting sulcus is located medial to the frontoparietal operculum.
The temporal operculum, as it faces the inferior part of the insular surface, has to be retracted to expose the ILS. Its lateral surface is represented by the superior temporal gyrus, and its medial surface is divided into an anterior part called the polar plane, which is composed of the small "sulci and gyri of Schwalbe," and a posterior part called the temporal plane, which is formed by the transverse temporal gyri. 40, 42 The most anterior transverse temporal gyrus, named Heschl's gyrus, is directed posteriorly and medially toward the posterior insular point.
The ILS is curved and can be subdivided into an anterior and posterior part ( Fig. 1D and E) . The anterior part is medial to the polar plane and has a horizontal orientation, whereas the posterior part runs along the medial margin of Heschl's gyrus and assumes a more vertical orientation. The point that subdivides the ILS, named the posteroinferior insular point, lies medial to the anterior part of Heschl's gyrus and lateral to the deep posterior part of the lateral geniculate body (LGB). 45 This point is particularly important for locating the optic radiations, since they originate from the LGB and progress toward the temporal and parietal lobes before ending at the occipital lobe. The length of the ILS averaged 43.7 mm (see Table 1 for range and SD). The length of the anterior part of the ILS, from the TLP to the LGB, averaged 29.2 mm, and the posterior part, from the LGB to the posterior insular point, averaged 14.5 mm. Similar findings have been reported by Wang et al. 45 ( Fig. 2 ; Table 1 ).
Superficial White Matter Layer-Extreme Capsule
The most superficial white matter layer, the extreme capsule, is found directly under the thin cortical mantle on the insular surface. These fibers have a centrifugal direction, spreading from the insular gyri to the mesial surface of all the opercula. They course along the external surface of the claustrum at the same depth as the short-association fibers that interconnect the insular gyri (Figs. 3 and 4) .
The claustrum is a thin collection of gray matter that has a ventral and a dorsal portion (Fig. 3C) . The ventral portion lies deep to the anteroinferior part of the insular surface and its gray matter is poorly organized, resembling small islands embedded into white matter pathways. The dorsal portion of the claustrum is more posterior and superior, and its gray matter is more densely organized, assuming the shape of a thin dark sheet. The most inferior limit of the claustrum continues under the anterior part of the ILS toward the amygdala, and was not seen under the posterior part of the ILS.
Intermediate White Matter Layer-External Capsule and anterior commissure
The external capsule, found between the claustrum and the putamen, is also a group of fibers that passes under the limiting sulci to reach the cerebrum. The external capsule is composed of 3 fiber pathways, all located at the same depth: the uncinate and inferior frontooccipital fasciculi, and the claustrocortical fibers (Figs. 3-5) .
The uncinate fasciculus is the most anterior component of the external capsule (Figs. 3C and 4) . This longassociation fiber bundle originates at the frontoorbital and inferolateral frontal lobe, and it passes under the anterior limiting sulcus to reach the anteroinferior part of the insula, where it makes a sharp turn inferiorly and anteriorly to pass under the anterior part of the ILS and continue to the temporal pole. This curve results in the uncinate fasciculus' hook-like appearance around the limen insula.
The inferior frontooccipital fasciculus, also a longassociation fiber bundle, is located directly superior and posterior to the uncinate fasciculus (Figs. 3D, 4, and 5B). It originates at the inferior frontal gyrus, passes under the anterior limiting sulcus, occupies the anterior part of the insula just superior to the uncinate fasciculus, and continues posteriorly, passing under the ILS toward the posterior part of the temporal, parietal, and occipital lobes.
The uncinate fasciculus and the inferior frontooccipital fasciculus are located deep to the anteroinferior part of the insular surface, and both pass through the ventral claustrum. As these fibers intermingle with the islands of gray matter of the ventral claustrum, they contribute to both the extreme and external capsule in this region. 17 The dorsal claustrum projects to the frontal and parietal lobes. These claustrocortical fibers have a radial configuration centered at the dorsal claustrum, projecting toward the frontal and parietal lobes, and passing under the limiting sulci.
Deep to the ILS, there is no natural separation between the uncinate and inferior frontooccipital fasciculi. However, since the uncinate fasciculus is directed anteriorly to the temporal pole and the inferior frontooccipital fasciculus progresses posteriorly, the transition point between them was regarded as the point where the fibers assume a perpendicular disposition in relation to the ILS. The transition point between the inferior frontooccipital fasciculus and the claustrocortical fibers is more clearly seen, because the fibers from the inferior frontooccipital fasciculus can be followed from the frontal to the occipital lobe, whereas the claustrocortical fibers arise from the dorsal claustrum.
The course of the uncinate fasciculus under the ILS begins at the TLP level and continues to the uncinate/inferior frontooccipital fasciculi transition point located an average of 10 mm posterior to the TLP ( Fig. 2 ; Table 1 ). This distance corresponds to the width of the uncinate fasciculus under the ILS. The inferior frontooccipital fasciculus under the ILS was found between the uncinate/inferior frontooccipital fasciculi transition point and the inferior frontooccipital fasciculus/claustrocortical fibers transition point. This second point that marks the beginning of the claustrocortical fibers was located at an average of 35.5 mm posterior to the TLP. The width of the inferior frontooccipital fasciculus under the ILS averaged 25.5 mm. The claustrocortical fibers were found along the entire length of the ILS posterior to the inferior frontooccipital fasciculus/claustrocortical fibers transition point, and also under the superior limiting sulcus (Figs. 2, 3C and D, 4, and 5).
The anterior commissure belongs to the commissural fiber system of the brain, interconnecting both hemispheres. Its medial component has a cylinder or "handlebar" appearance that crosses the midline between the pre-and postcommissural fibers of the fornix (Figs. 3F, 4B, and 5C). It has a ventral extension to the septal region, interconnecting olfactory structures, and a lateral extension, which continues to the temporal lobe. This lateral extension passes through a glial tunnel at the anteroinferior pole of the globus pallidus, named "Gratiolet's canal," and more laterally under the ILS. The fibers of the anterior commissure are positioned in a plane deep to the uncinate and inferior frontooccipital fasciculi, and at the temporal lobe they can be followed to the temporal pole and middle and inferior temporal gyri. The lateral extension of the anterior commissure under the ILS was found between an average of 8.4 mm and 22 mm posterior to the TLP. Its width under the ILS averaged 13.7 mm ( Fig. 2; Table 1 ).
Deep White Matter Layer-Visual and Auditory Radiations
As the dissection progresses deeper under the external capsule, the putamen is exposed, followed by the globus pallidus. These 2 collections of gray matter are located deep to the insular surface, but not below the trajectory from the ILS to the temporal horn. Their removal exposes the internal capsule.
The internal capsule is a thick group of fibers that occupies the space between the lentiform nucleus laterally, and the caudate nucleus medially. It includes most of the projection system of the cerebrum, and more importantly, the pyramidal corticopontocerebellar tracts and all thalamic radiations. The internal capsule is traditionally divided into an anterior limb, genu, posterior limb, and retrolenticular and sublenticular portions. The retrolenticular and sublenticular portions of the internal capsule pass below the posterior and anterior parts of the ILS, respectively.
The retrolenticular portion of the internal capsule, named for the fact that these fibers are posterior to the lentiform nucleus, connects the caudal portions of the thalamus, including the pulvinar and LGB, with the posterior parietal gyri and the occipital lobe. The fibers that arise from the LGB and project to the lips of the calcarine fissure carry visual inputs, pass under the ILS, and are traditionally divided into anterior, central, and posterior bundles. 12 The sublenticular part of the internal capsule is small and interconnects the posterior thalamus and the medial geniculate body to the temporal cortex and transverse temporal gyri. Among these fibers are the auditory radiations, which course from the medial geniculate body to the anterior transverse temporal (Heschl's) gyrus.
As the basal ganglia are removed in a lateral-to-medial direction, the optic radiation can be identified as originating at the LGB and progressing toward the calcarine fissure (Figs. 3G, 4C and D, and 5D ). Although classically divided into anterior, central, and posterior parts, the optic The insular cortex was removed to expose the extreme capsule, which is composed of short-association fibers that interconnect the insular gyri and spread beneath the limiting sulci toward the opercula. c: Removing the extreme capsule exposes the claustrum. The dorsal portion of the claustrum is more densely organized, forming a thin gray matter sheet, from which the claustrocortical fibers arise and radiate under the superior and inferior limiting sulci. The ventral claustrum is loosely organized into small islands of gray matter sprinkled in the uncinate fasciculus and the inferior frontooccipital fasciculus that give a brownish color to the region. The uncinate fasciculus, inferior frontooccipital fasciculus, and claustrocortical fibers all course at the same depth under the ILS and can be seen in sequence posterior to the limen insula. d: Small windows were opened in the claustrocortical fibers to expose the putamen. e: The claustrum and claustrocortical fibers were removed to expose the putamen. The anterior commissure can be seen at the anteroinferior pole of the putamen in Gratiolet's canal, from which it progresses laterally to pass under the ILS and spreads to the temporal and occipital lobes. F: The putamen, globus pallidus, uncinate fasciculus, and inferior frontooccipital fasciculus were removed. The internal capsule lies medial to the putamen and globus pallidus and lateral to the thalamus. These fibers of the internal capsule project to the cerebral convexity. radiation fibers constitute a continuum of fibers that cover the superior and lateral surfaces of the temporal horn and the atrium. They pass above and below the occipital horn to reach the superior (cuneal) and the inferior (lingual) lips, respectively, of the posterior half of the calcarine fissure. The more anterior fibers arising at the inferior aspect of the LGB (anterior bundle) assume first an anterior course toward the temporal pole (Meyer's loop), and later curve posteriorly to finish at the inferior lip of the calcarine fissure; 29 the fibers arising at the posterior aspect of the LGB have a more direct posterior course to end at the occipital pole (central bundle); and the fibers arising from the superior aspect of the LGB project to the superior lip of the calcarine fissure (posterior bundle). The anterior and posterior limits of the optic radiations were found under the ILS at an average of 10.6 mm and 34.5 mm posterior to the TLP, respectively. The width of the optic radiations under the ILS averaged 23.9 mm ( Fig. 2; Table 1 ).
amygdala, ependyma, and temporal horn of the lateral ventricle
Opening the ependymal layer lining the ventricle exposes and provides access to the structures bordering the temporal horn (Fig. 1H) . The amygdala was found directly below the TLP in all cases. The anterior limit of the amygdala was located an average of 4.3 mm anterior to the TLP, and its posterior limit was located at an average of 9.3 mm posterior to the TLP. The length of the amygdala under the ILS averaged 13.6 mm. The location of the anterior limit of the temporal horn under the ILS was found at an average of 4.4 mm posterior to the TLP. Despite the significant variations in these findings, which are probably related to the usual variation of size of the ventricular cavities between different individuals, the amygdala was always found to have an anterior extraventricular and a posterior intraventricular component.
Inside the temporal horn, the amygdala is located an- terior and superior to the head of the hippocampus (Figs.  1E and 4C ). There is a small space that projects medially between the amygdala and hippocampal head called the uncal recess. Immediately posterior to the head of the hippocampus, the anterior choroidal artery exits the crural cistern and enters the temporal horn. This entry point, called the inferior choroidal point, also marks the lower end of the choroidal fissure. 31 The inferior choroidal point was located below the ILS at an average of 17.1 mm posterior to the TLP. The transsylvian approach can be combined with the opening of the choroidal fissure to provide access to the contents of the crural and ambiens cisterns.
21,30 discussion
The temporal stem is a widely used term derived from the appearance, on coronal slices of the brain, that the temporal lobe is connected to the basal forebrain underneath the anterior aspect of the insula through a unique peduncle resembling the roots of a tree. 22 The stem has been defined as being as small as "the portion of white matter that penetrates the temporal lobe between the anterior border of the insula and the inferior horn" and as long as including all fibers extending from the limen insula and the roof of the temporal horn. 13, 42, 45, 46 This longer definition of the temporal stem includes the sagittal stratum and includes the anterior commissure, uncinate fasciculus, inferior frontooccipital fasciculus, Meyer's loop of the optic radiations, and inferior thalamic fibers. 13, 23 The thickness of the temporal stem, represented by the superoinferior distance between the ILS and the roof of the temporal horn, is reported to average 6.5-8.2 mm.
28,45
The temporal horn and mesial temporal lobe structures have been accessed through an anterior temporal lobectomy, the lateral or inferior temporal surface, and more recently by a supracerebellar transtentorial approach.
1,4, 14, 15, 20, 32, 36, 41 However, these approaches have some risk of damaging neocortical structures and white matter pathways or involve an extremely narrow operating field, excessive brain retraction, and potential injury to the vein of Labbé. The transsylvian approach was proposed to reduce these risks. 48 The approach, as initially described by Wieser and Yaşargil in 1982, 47 included a 15-to 20-mm incision at the level of the limen insula and directed toward the temporal horn. Based on the results of this and 2 previous studies from our laboratory, 3,37 the length of incision described in their 1982 paper would cross part of Meyer's loop. The fact that a group of 173 patients who underwent amygdalohippocampectomy for temporal lobe seizures using this technique contained only 2 patients with visual deficit, both of whom had postoperative hematomas, 48 raised the question of whether our results showing that a 6-mm incision directed backward from the limen would enter Meyer's loop were correct. This was clarified in 2008 by Abdulrauf and Yaşargil in their published comments on a paper on Meyer's loop by Yeni et al. 49 They acknowledged that the incision in the temporal stem in the 1982 paper by Wieser and Yaşargil 47 began at the level of the limen insula and moved from "distal to proximal" (not backward, as incorrectly mentioned by Wieser in 1982) in a length of 10-15 mm over the cortical region of the amygdala, and that the approach was "inaccurately described as transsylvian transinsular by some colleagues," but that it was actually "transsylvian transamygdalar." Thus, the approach described by Wieser and Yaşargil in 1982 did not extend backward but was directed proximally through the amygdala and thus was transsylvian transamygdalar, as advocated in our prior study, and would not be expected to cause a visual loss.
3
The amygdala is found directly below the TLP, and approaches to the amygdala and hippocampus (e.g., amygdalohippocampectomy) can be made using small incisions directed medially through the amygdala without extension posteriorly in the ILS. After the amygdala is removed, the temporal horn is opened, the head of the hippocampus is exposed, and the inferior choroidal point, where the anterior choroidal artery enters the temporal horn, can be found at an average of 17.1 mm posterior to the TLP. In their study, Yeni et al. 49 found that an incision beginning at the limen insula and extending backward 1.5-2 cm along the ILS resulted in a visual field deficit in 36.6% of patients. On the other hand, the incision of Wieser and Yaşargil, 47 as later mentioned, which extended through the cortex covering the amygdala and not along the ILS, was not associated with a visual deficit. The fact that all patients in the series reported by Yeni et al. 49 did not have a visual deficit seems to imply that the location of Meyer's loop may vary in different individuals, or that part of the anterior bundle can be resected without necessarily causing a major visual deficit.
Based on this and our previous studies, 3,37 a 2-cm inci- sion extending backward from the limen will, as it deepens, cross some extreme-capsule short-association fibers, the uncinate fasciculus, and the most anterior parts of the inferior frontooccipital fasciculus, anterior commissural fibers, and anterior optic radiations, with a risk to language pathways in the dominant hemisphere and also of homonymous superior quadrantic visual deficit in either hemisphere. 3, 37 Martino et al. 28 mentioned that the anterior limit of the optic radiations under the ILS was located at the same distance as the uncinate fasciculus/inferior frontooccipital fasciculus transition point, a finding that was also seen in the specimens used for this report.
In moving from superficial to deep along the ILS, the insular cortex has been implicated in a variety of important networks related to olfactory, gustatory, viscerosensory, visceromotor, somatosensory, and vestibular functions, and the primary olfactory cortex and the insular limbic cortex are present at the anterior and intermediate part of the ILS, respectively.
33 Awake craniotomies have also induced speech arrest with electrical stimulation at the anterior cortex of the insula, but transections of the anterior portion of the ILS have not led to language deficits.
8,24,48
At a deeper level, an incision extending backward from the TLP first damages the uncinate fasciculus and the inferior frontooccipital fasciculus if carried more posteriorly. Both tracts pass under the ILS, with the transition point between them located an average of 10 mm posterior to the TLP in our specimens, meaning that an incision smaller than 6 mm beginning at the TLP would cross the uncinate fasciculus but not damage the inferior frontooccipital fasciculus. Martino et al. 28 reported similar findings, in which this transition point was located at an average of 10.9 mm (range 8-15 mm) posterior to the limen insula.
Based on subcortical mapping by electrical stimulation during awake neurosurgeries, Duffau et al. 6 proposed 2 main streams related to language: a ventral and a dorsal one. The ventral stream, represented by the uncinate fasciculus and the inferior frontooccipital fasciculus, is related to the semantic components of language, and is where electrical stimulation induces semantic paraphasias. 9, 10 The dorsal stream is represented by the superior longitudinal fasciculus, where the arcuate fasciculus is its most important subcomponent, and its electrical stimulation has elicited reproducible phonemic paraphasias, namely disorders that affect the phonological form of the words. 7 A transsylvian-ILS approach will cross part of this ventral semantic stream. The uncinate fasciculus possibly represents a minor component, because its stimulation or resection has not led to language disturbances. 9 Functional data suggest that the major importance of the inferior frontooccipital fasciculus is in reading, attention, visual processing, and language.
2,5,9,10 Duffau et al., 11 based on stimulation and studies of insular gliomas extending into the area of the inferior frontooccipital fasciculus, strongly support it being preserved in the dominant hemisphere. Other studies have supported a role for the uncinate fasciculus in category-specific naming tasks for objects and actions or famous faces. 18, 25 Identifying and preserving the inferior frontooccipital fasciculus also increases the likelihood that the optic radiations on its deep side will be preserved.
The significant variation of the lateral expansion of the anterior commissure suggests that even a small incision at the ILS could damage this set of fibers. 33 However, there are no reports of deficits related to the anterior commissure in humans.
At a deeper plane, the retrolenticular and sublenticular portions of the internal capsule are found under the ILS. The anterior and posterior limits of the optic radiations were located an average of 10.6 and 34.5 mm posterior to the TLP, respectively. An incision smaller than 6 mm beginning at the TLP and extending backward along the ILS would not divide any part of the optic radiations. However, as the incision progresses more posteriorly, the anterior bundle begins to be transected, leading to a risk of causing superior temporal homonymous quadrantanopia. 12, 38, 39, 44 As the incision approaches the LGB (minimum of 22.4 mm), the fibers devoted to the central part of the retina are also put at risk. The sublenticular part also contains the inferior thalamic peduncle including the auditory radiations, temporal corticopontine fiber bundle, and parietooccipital projections.
The DTI technique has the ability to track the main fiber bundles of the brain. There is still no quantitative study reporting the exact location of each fiber pathway at the temporal stem; however, comparative analysis of DTI studies and anatomical dissections have shown a good correlation at this region. 16, 19, 27 The DTI technique has the ability to demonstrate several fiber pathways in the same image and possibly better display their relationship, as opposed to fiber dissections, in which some pathways can be displayed only in a stepwise manner. On the other hand, with careful planning, multiple fiber tracts and their relationships can be shown in a single image of a fiber dissection (Fig. 4) .
conclusions
The cortical and subcortical anatomy of the ILS, with emphasis on the position of each white matter pathway under this sulcus, has been described. Understanding the location of each pathway in the transsylvian approach to the temporal horn is important in preventing damage that could lead to functional deficits.
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